Abstract. G protein-coupled receptors (GPCRs) play critical physiological and therapeutic roles. The human cannabinoid 1 GPCR (hCB1) is a prime pharmacotherapeutic target for addiction and cardiometabolic disease. Our prior biophysical studies on the structural biology of a synthetic peptide representing the functionally significant hCB1 transmembrane helix 7 (TMH7) and its cytoplasmic extension, helix 8 (H8), [hCB1(TMH7/H8)] demonstrated that the helices are oriented virtually perpendicular to each other in membrane-mimetic environments. We identified several hCB1(TMH7/ H8) structure-function determinants, including multiple electrostatic amino-acid interactions and a proline kink involving the highly conserved NPXXY motif. In phospholipid bicelles, TMH7 structure, orientation, and topology relative to H8 are dynamically modulated by the surrounding membrane phospholipid bilayer. These data provide a contextual basis for the present solid-state NMR study to investigate whether intermolecular interactions between hCB1(TMH7/H8) and its phospholipid environment may affect membrane-bilayer structure. For this purpose, we measured 1 H-13 C heteronuclear dipolar couplings for the choline, glycerol, and acyl-chain regions of dimyristoylphosphocholine in a magnetically aligned hCB1(TMH7/H8) bicelle sample. The results identify discrete regional interactions between hCB1(TMH7/H8) and membrane lipid molecules that increase phospholipid motion and decrease phospholipid order, indicating that the peptide's partial traversal of the bilayer alters membrane structure. These data offer new insight into hCB1(TMH7/H8) properties and support the concept that the membrane bilayer itself may serve as a mechanochemical mediator of hCB1/GPCR signal transduction. Since interaction with its membrane environment has been implicated in hCB1 function and its modulation by small-molecule therapeutics, our work should help inform hCB1 pharmacology and the design of hCB1-targeted drugs.
INTRODUCTION
Nuclear magnetic resonance spectroscopy (NMR) and X-ray crystallography are standard approaches for direct experimental elucidation of 3D protein structure (1, 2) . Application of these biophysical techniques to G proteincoupled receptors (GPCRs), a superfamily of integral-membrane proteins and prime targets of both marketed and potential drugs (1) (2) (3) (4) , faces serious technical challenges, such as purifying the required quantities of the GPCR in intact form and maintaining protein structural stability in a membrane environment (2) . Consequently, although NMR has been successfully applied to solve the structures of protein/ GPCR fragments in membrane-mimetic environments (3) (4) (5) , high-resolution, NMR-derived structures of functional GPCR holoreceptors have yet to be reported. Even with the impressive technical advances in X-ray crystallography, highresolution structures of very few of the over 1,000 genetically encoded GPCRs (6) [i.e., the human β 2 adrenergic (7, 8) , A 2A adenosine (9) , and opsin (10, 11) receptors and the turkey β 1 adrenergic receptor (12) ] have been solved since the first Xray diffraction structure of a class-A GPCR (bovine rhodopsin) was reported a decade ago (13) . Available crystallographic structures and computer-driven homology modeling data support a traditional class-A GPCR structural signature characterized by an extracellular amino terminus, seven hydrophobic transmembrane helices (TMHs) connected by intra-and extracellular loops, and an intracellular carboxyl terminus (2, 14) . In the C-terminal GPCR region, transmem-brane helix 7 (TMH7) is contiguous with a small cytoplasmic helical extension, helix 8 (H8), and contains a highly conserved NPXXY motif (2, 13, 14) . The C-terminal domain of traditional class-A GPCRs holds particular functional significance. The NPXXY motif is a candidate structural feature of GPCR activation and conformational switching among multiple GPCR activity states, and H8 is a component of the intracellular GPCR binding site to G proteins (14) (15) (16) (17) .
A prominent pharmacotherapeutic target for substance abuse, drug addiction, weight-control, and cardiometabolic disease/metabolic syndrome (18) (19) (20) , the human cannabinoid receptor 1 (hCB1) is a class-A, rhodopsin-like GPCR that can be activated by intrinsic lipid mediators (endocannabinoids) and synthetic cannabimimetic agents (21) . Indirect evidence from site-directed mutation studies and computational homology modeling suggests that TMH7 and H8 are critical to ligand recognition and signal transmission by hCB1 (22) (23) (24) (25) (26) . Consequently, the importance of the hCB1 C-terminal domain to the design and targeting of drugs that modulate hCB1 activity for therapeutic benefit is well appreciated (19, 20, 23, 26) . In marked contrast to the detailed knowledge of the structural features of rhodopsin photoactivation (13) (14) (15) , the interactions and dynamics between the hCB1 Cterminal region and its plasma-membrane environment across the hCB1 activity spectrum are not well characterized. The relatively limited homology between rhodopsin and hCB1-particularly with respect to their C-terminal domain-precludes direct extrapolation of the rhodopsin structure to hCB1 (25, 26) . Our and others' investigations on hCB1 higherorder structure indicate that H8 acquires a helical conformation in membrane-mimetic environments with a juxtamembrane orientation parallel to the membrane surface and perpendicular to the TMH7 intramembrane bundle (4, (27) (28) (29) (30) . Multiple electrostatic amino-acid interactions underpin TMH7/H8 conformation (4) , and interactions between these two hCB1 α-helical segments have been implicated in ligandinduced hCB1 conformational transitioning (3).
We have recently provided NMR and site-directed spin labeling/electron paramagenetic resonance spectroscopy (SDSL/EPR) evidence of hCB1 TMH7 conformational plasticity such that its intramembrane orientation and its topology relative to H8 are influenced by membrane-bilayer thickness (3, 27) . These results have led us to postulate that the dynamic interaction of the hCB1 C-terminal domain with its membrane phospholipid environment could be an important modulator of hCB1 activation and determinant of hCB1 ligand pharmacology. Our postulate gains strength from accumulating evidence that GPCR/hCB1 function (ligand-binding competency, signal transmission) is influenced decisively by lipid microdomains in the plasma membrane (31) (32) (33) . From the perspective of hCB1-related medicines, inhibition of cancer-cell proliferation by the first-in-class hCB1 inverse-agonist drug, rimonabant, requires hCB1 interaction with lipid rafts/caveolae (34) , suggesting that lipid microdomains serve as hCB1 regulatory signaling elements potentially amenable to therapeutic exploitation (35) .
The present report extends our prior investigations on the structural biology of the hCB1 C-terminal domain (3, 4, 27) . We first recall selected results from our solution and solid-state NMR analyses of a chemically synthesized peptide corresponding to an extensive hCB1 TMH7 segment and its entire contiguous H8 domain (i.e., fourth cytoplasmic loop). This peptide is designated as hCB1(TMH7/H8). The experiments allowed us to solve the NMR solution structure of hCB1(TMH7/ H8) in a membrane-mimetic environment, determine the precise orientation of TMH7 and H8 in model-membrane phospholipid bicelles, and detail the influence of bilayer phospholipid thickness on TMH7 structure. The results form the contextual foundation for the current study, which utilizes this hCB1(TMH7/H8) peptide as reconstituted and aligned in a defined dimyristoyl-sn-glycero-3-phosphocholine (DMPC) model-membrane system. Aligned bicelle samples afford high spectral resolution and are well-accepted for analyzing the structure of membrane proteins and investigating membrane properties using heteronuclear dipolar couplings (36) (37) (38) (39) . With this experimental system, we now extend our previous findings by identifying and characterizing directly specific intermolecular interactions between hCB1(TMH7/H8) and its membrane phospholipid environment. For this purpose, we have applied a highly sensitive, solid-state NMR approach with protondecoupled local field (PDLF) sequence to measure potential 2D 1 H- 13 C-dipolar interactions between the lipid molecules in the DMPC bilayer and hCB1(TMH7/H8) reconstituted therein (40) . We demonstrate that specific regional interactions between hCB1(TMH7/H8) and membrane phospholipid molecules in its immediate environment reduce the lipid order parameter, suggesting that the hCB1 C-terminal domain, by partly traversing the membrane bilayer, may induce localized motion and conformational disorder/deformation in the membrane phospholipids. Since membrane environment can influence hCB1 activity and its response to small-molecule drugs (31, 32, 34) , our findings implicate discrete intermolecular crosstalk between the C-terminal domain of hCB1 and plasmamembrane phospholipids in the regulation of hCB1 signaling.
MATERIALS AND METHODS

Peptide Synthesis and Purification
The 40-mer [ 377 TVFAFCSMLALLNSTVNPIIYAL RSKDLRHAFRSMFPSAE 416 ] corresponding to hCB1 TMH7/H8 was synthesized by a standard 9H-fluoren-9-ylmethoxycarbonyl (Fmoc)-polyamide method at the Molecular Biology Core Facility, GenScript Corporation (Scotch Plains, NJ, USA). Two C386A and C415A substitutions were made in the native sequence (as indicated, above) in order to improve spectral resolution for the structural calculations. The peptide as utilized experimentally was isolated by reverse-phase LC to >95% purity according to LC and MALDI-TOF mass spectrometry (MS) analyses (3, 4, 27) . This synthetic peptide is designated herein as: hCB1(TMH7/H8).
Sample Preparation and NMR Experiments
NMR Sample Preparation. Sample preparation for the solid-state NMR experiments (below) was conducted as previously detailed (3, 27) , yielding the aligned bicelle system composed of hCB1(TMH7/H8) reconstituted in a DMPC bilayer.
Solid-State NMR. Solid-state NMR experiments were conducted at 37°C on a 700-MHz Bruker AVANCE II NMR spectrometer using a 5-mm double resonance probe under static sample conditions. Solid-state 13 C NMR-oriented spectra were collected utilizing a standard cross-polarization hCB1-Membrane Structural Accommodation pulse sequence (1, 5, 36, 41, 42) . A ramped cross-polarization sequence with a contact time of 5 ms was used to record the 1D 13 C experiments. 2D 13 C spectra were obtained at 37°C using 128 t 1 experiments, 128 scans, a 5-s recycling delay, and 20 kHz 1 H decoupling (36) . Values from the 1 H- 13 C dipolar coupling spectrum were converted into an order parameter (S CH ) profile for the DMPC phospholipid molecule by using the relationships:
and
where D O =21.5 kHz is the dipolar coupling constant for rigid C-H bond; the angle θ=90 defines the orientation of the bicelle normal relative to the magnetic field; Δν is the experimental splitting; J CH is the scalar coupling constant; and κ = scaling factor of the homonuclear decoupling constant, which has a value of 0.42 (36) .
RESULTS
Precedent for the Current Work: Key Structural Features of hCB1(TMH7/H8) in Membrane-Mimetic Environments
Except for H8, very little direct structural information is available for the C-terminal region of GPCRs, including hCB1 (2, 14, 30) . We previously solved the NMR solution structure of a synthetic peptide 40-mer, hCB1(TMH7/H8), representing the hCB1 C-terminal domain (4) and reported the first application of solid-state NMR, along with SDSL/ EPR, to study the peptide's higher-order structure in defined phospholipid bilayers (3, 27) . Since certain results from those studies provide a contextual rationale for the new solid-state NMR experiments to follow, select findings are briefly recalled here. As illustrated by the ribbon depiction in Fig. 1a and elaborated upon in different, previously published schema (4), the structural signature of hCB1(TMH7/H8) in membrane-mimetic 30% aqueous trifluoroethanol solution evidences four structurally distinct regions: the rigid TMH7 α-helix; a loop-like region interconnecting TMH7 and H8 and containing the highly conserved NPXXY motif with a proline kink; a short H8 α-helix, and an unstructured C terminus end. Multiple short-distance electrostatic interactions appear to be critical determinants of this hCB1(TMH7/H8) solution structure: cation-phenolic and cation-π interactions promote formation of an interhelical microdomain that may act as a hinge during ligandinduced hCB1 conformational transitioning, as depicted in Fig. 1b and visualized differently in other schematics published elsewhere (4). Our prior solid-state NMR study of hCB1(TMH7/H8) reconstituted in defined phospholipid model membranes indicates that the two hCB1 TMH7 and H8 α-helical segments are oriented virtually orthogonally to each other, as they are in solution: TMH7 is disposed within the membrane bilayer, and H8 is parallel to the phospholipid membrane surface (3, 4, 27) . Our molecular dynamics simulations (27) and SDSL/EPR results (3) further demonstrate that TMH7's intramembrane conformation and relative orientation with respect to H8 are dynamically modulated by its membrane environment. A final characteristic of hCB1(TMH7/H8) germaine to the present work, as first defined by us (4, 27) and substantiated by others (30) , is the amphipathicity of H8: the relative disposition therein of a hydrophilic cationic cluster contralateral to a hydrophobic "face" of nonpolar residues is likely important for optimal H8 orientation/interaction with both the plasma membrane and the G-protein subunits to which hCB1 couples for information transmission and intracellular signal propagation.
Solid-State NMR Using Proton-Decoupled Local Field Techniques
Select data summarized above from our previous studies on the structural biology of hCB1(TMH7/H8) in membrane- Fig. 1 . a Representation of the ribbon structure of TMH7/H8 obtained from NOESY and TOCSY experiments. Only the backbone atoms are shown. b Interhelical TMH7-H8 microdomain. High degree of conformational restriction for Tyr397 results from the side-chain proximity of residues from conserved NPXXY motif and Arg405. Cation-phenolic and cation-π interactions are observed between Tyr397 and Arg405. The short-distance amino-acid interaction pattern forms an H-bonding microdomain mimetic environments (3, 4, 27) raise the following question: Does hCB1(TMH7/H8) interact dynamically with membrane phosphoplipid in such a way as to affect bilayer molecular topology and act thereby as a determinant of membrane structure? This question prompted us to conduct additional, high-resolution solid-state NMR studies with the hCB1 (TMH7/H8)-DMPC bicelle system used previously and focus specifically on the phospoholipid bilayer component therein. If indeed membrane phospholipid environment plays a role in defining hCB1(TMH7/H8) structure and orientation, as background data summarized above indicate, then hCB1(TMH7/ H8) might invite structural responses by the membrane phospholipid bilayer, either along the phospholipid acyl chains and/or in the head groups. To probe for such intermolecular interactions between hCB1(TMH7/H8) and DMPC membranes in magnetically aligned bicelles, we conducted 2D PDLF NMR experiments on this model system. In this approach, correlation is made between the 13 C chemical shift spectrum (horizontal dimension) of the DMPC bicelle and the 1 H- 13 C dipolar couplings (vertical dimension) of the bicelle (Fig. 2) . Figure 2a shows the 1D 13 C chemical shift spectrum of the DMPC bicelles, and Fig. 2b displays the 2D PDLF spectrum of the bicelles. The 2D spectrum evidences highly resolved doublets in the indirect frequency dimension due to the combined dipolar and scalar interactions between directly bonded 1 H-13 C spin pairs on DMPC. Most of the overlapping peaks in the chemical shift dimensions are also resolved. Notably, in the PDLF spectrum, all the resonances are resolved, which demonstrates the enhanced power of this 2D technique over 1D solid-state NMR experiments.
We next converted the dipolar coupling value for each carbon along the DMPC lipid (Fig. 3a) into an order parameter (S CH ) to generate the profile shown in Fig. 3b . As compared to a DMPC bicelle itself, bicelles into which hCB1(TMH7/H8) had been reconstituted evidenced a decrease of S CH (i.e., increased phospholipid-bilayer disorder) at the choline methylene (α-and β-sites) groups as well as at the glycerol protons and the DMPC acyl-chain region, but not at the terminal trimethylammonium (γ-site; Fig. 3b ). The overall change in the S CH in the glycerol head-group region induced by hCB1(TMH7/H8) is indicative of increased motion (43, 44) . No change was observed at the terminal methyl group of the fatty-acyl chains, suggesting that the peptide had no significant effect on the more fluid, core region of the membrane bilayer.
DISCUSSION
Definition of the structural features associated with GPCR activation and pharmacological modulation by "druggable" small-molecule ligands is a major focus of translational biomedicine (2, 14) . However, the heptahelical, integral-membrane character of traditional, therapeutically interesting GPCRs such as hCB1 constitutes a formidable impediment to their purification as intact, functional holoreceptors for structure determination by traditional techniques such as Xray crystallography. As an alternative, a segmental approach has been adopted by us and others whereby peptides representing the hCB1 C-terminal region have been studied by biophysical methods such as NMR and SDSL/EPR for direct experimental analysis of their structural features and dynamics, since the C-terminal component of class-A GPCRs is considered to have great functional relevance (3, 4, 14, (27) (28) (29) (30) . With respect to the hCB1 C-terminal region, particular attention has been focused on TMH7 and its short cytoplasmic extension (H8), for these helices appear to play functional roles in selective ligand recognition and intracellular signal transmission, respectively (24, 45) .
Most of the work related to the structural biology of the C-terminal domain of hCB1 has focused on peptides representing hCB1 TMH7 and/or H8 either in solution or, more commonly, as reconstituted into membrane mimetics. These studies have identified key structural attributes of the helices within the hCB1 C-terminal domain. For example, NMR studies from this laboratory on a synthetic peptide corresponding to an extended segment of hCB1 TMH7 and its entire contiguous H8 domain, hCB1(TMH7/H8), demonstrated that hCB1 TMH7 is orientated virtually perpendicular to H8 whether hCB1(TMH7/H8) is in membrane-mimetic solution or reconstituted into a phospholipid bilayer, the amphipathic H8 assuming an α-helical structure and juxtamembrane position quasi-parallel to the membrane surface, and TMH7 spanning the bilayer (3, 27) . The observed structures and dispositions of hCB1 TMH7 and H8 are consonant with predictions made from rhodopsin-based hCB1homology models and are apparently shared by other class-A GPCRs as well (2, 7, 14, (22) (23) (24) (25) (26) . Likewise, our experimentally defined structure for hCB1 H8 is reminiscent of that described for a synthetic peptide representing rat CB1 H8 in phospholipid micelles (28, 29) . For that peptide and a similar rat CB1 H8 peptide, an absence of secondary structure in an aqueous environment and a high degree of α-helicity in dodecylphosphocholine and sodium dodecyl sulfate micelles have been observed (28, 29, 46) . Collectively, these data help validate our segmental experimental approach to hCB1 structure and our use of NMR to analyze hCB1(TMH7/H8) reconstituted in membrane-mimetic environments.
We then sought to extend these structural descriptions of hCB1 TMH7 and H8 and probed for interactions both within hCB1(TMH7/H8) and between this peptide and its phospholipid bilayer environment that could impact hCB1(TMH7/H8) structure. Application of biophysical techniques including NMR and SDSL/EPR allowed us to demonstrate multiple close-range electrostatic interactions between amino acids as candidate structural determinants of hCB1(TMH7/H8) and implicate a flexible TMH7 region containing the conserved NPXXY domain with its proline kink as a molecular hinge that may help link TMH7 and H8 functionally (4) . The flexible hCB1 TMH7 domain appears more extensive than the canonical, proline-kinked region in other class-A GPCRs (7, 13, 47) . Nonetheless, TMH7 in both bovine rhodopsin and the human β 2 adrenergic receptor is bent due to a prolinebased kink and likewise evidences a noncanonical distortion within the NPXXY motif (2, 4, 7, 14) . By inducing local helix distortions that modulate this region's structure, the flexible NPXXY motif may play a crucial role in hCB1 signal transduction for effective coordination of ligand-binding and signal-transmission events between TMH7 and H8 (3, 4, 27, 48, 49) . We also showed that TMH7 orientation can be altered by the thickness of the hydrophobic membrane bilayer (27) , suggesting that hCB1 function may be influenced by its phospholipid bilayer environment.
We have now examined the structural biology of hCB1 (TMH7/H8) from the standpoint of its lipid environment, specifically, with respect to the peptide's potential influence on membrane phospholipid bilayer motion and order. Twodimensional 1 H-13 C heteronuclear dipolar couplings for the DMPC choline, glycerol, and acyl-chain regions were measured in a magnetically aligned hCB1(TMH7/H8) bicelle system as compared to a bicelle lacking the peptide. The overall decrease in S CH observed even at 0.5 mol% peptide indicates that hCB1(TMH7/H8) induces disorder in the membrane-lipid acyl chains and conformational changes at the phospholipids. Early 1D NMR experiments suggested that hCB1(TMH7/H8) alters the dynamic properties of the lipid component of multilamellar vesicles (43) . The current 2D experiments allowed us to demonstrate directly that membrane phospholipid conformation and bilayer order are influenced by hCB1(TMH7/H8) and define discrete interaction loci responsible for the peptide's impact on membrane structure. In particular, the change in S CH we Fig. 3 . a The structure of DMPC with labeling of the carbons in the head-group choline, glycerol and acyl chain of the lipid to indicate where the dipolar coupling values were extracted. b The order parameter profile determined in DMPC using dipolar coupling values. The graph is separated into three regions representing (from left to right) the DMPC choline, glycerol, and fatty-acyl chains observed when hCB1(TMH7/H8) was incorporated into DMPC bicelles likely reflects specific intermolecular interactions between the phospholipid glycerol moiety and the peptide due to phospholipid head-group reorientation.
Data supporting our conclusion that hCB1(TMH7/H8) can induce dynamic changes in membrane phospholipid structure have literature precedents which further suggest that such structural changes have functional significance. The interaction of cytotoxic peptides with plasma-membrane phospholipids elicits counter-directional changes at the α and β phospholipid sites and leads to the formation of pores or voltage-gated ion channels that adversely alter cell physiology (5) . Stimulation of endothelial cells with fluid shear stress, hypotonic stress, or a fluidizing agent increases cellular bradykinin B2 GPCR activity (50) . New data presented herein unequivocally demonstrate the occurrence of dynamic intermolecular interactions between a functionally important hCB1 signaling domain and its membrane phospholipid environment that affect the structure of the membrane bilayer at discrete loci. Collectively, these data suggest that the phospholipid bilayer itself may play a significant (mechanochemical) role in mediating GPCR/hCB1 transmission. Alterations in membrane phospholipid conformation may represent a physiological component of GPCR signal transduction. The potential for mutual structural accommodation between GPCRs (including hCB1) and their biomembrane environment to affect GPCR transmission holds significant implications for GPCR-targeted drug discovery.
Note added in proof: After submission of this work, the crystal structure of an antagonist-liganded human dopamine D3 receptor was reported (Chien EYT, Liu W, Zhao Q, Katritch V, Han GW, Hanson MA, et al. Structure of the human dopamine D3 receptor in complex with a D2/D3 selective antagonist. Science. 2010;330:1091-1095). That publication extends the findings in references [7] [8] [9] [10] [11] [12] [13] [14] regarding the current repertoire of GPCRs whose high-resolution X-ray structures have been solved.
